Polymer materials are widely used in various applications nowadays because of their fine characteristics, light weight, easy to use for mass production, etc. In this study, authors tried to construct a 3-dimensional laser fabrication system which can make freely designed shape by controlling the scanning speed of laser beam. At first, characteristics of KrF excimer laser ablation process to PMMA were studied as preliminary research. In this step, from the results of theoretical simulations and actual machining experiments, it was found that the machining depth was proportional to pulse number of laser irradiation. Therefore, when laser frequency is constant, the pulse number and machining depth can be controlled by feed rate of laser beam on the surface of target materials. Based on this concept, a 3-dimensional fabrication system was constructed. It can machine free-formed surfaces of PMMA making use of ablation process by controlling feed speed of the beam. Finally, some primitive shapes were actually machined by the system. From evaluation of these shapes, the availability of proposed concept and the system were confirmed.
Introduction
Laser has come into wide use in various fields, i.e., not only for conventional cutting or welding process but also for micromachining, laser marking and so on. Furthermore, laser is expected to be used for three-dimensional (3D) fabrication as well. In particular, excimer laser can micro-machine polymer materials by ablation process with minimal thermal effect to the target because it can expose the target in very short pulse width and its wavelength is near the bond dissociation energy of polymer materials (1) . In Ref. (2) , capability of 3D micro-machining by excimer laser for polymeric materials was reported. In the research, characteristics of KrF excimer laser machining for polymeric material (PMMA) were researched, and particularly, one method to fabricate micro 3D shape by laser was proposed. However, there are still only small numbers of fabrication methods for 3D model by laser processing in the literatures up to now. Yoshii et al. (3) developed a micro laser turning machine. The laser turning system consists of 5-axis worktable and Nd-YAG laser oscillator, thus it can fabricate complicated 3D model (e.g. micro wind mill) by making use of high degrees of freedom realized by 5-axis table. Senba et al. (4) researched about 3D fabrication method by means of fiber laser oscillator. In their method, after fabricating the target 3D model (e.g. triangular pyramid), the remaining debris was removed by using defocused laser irradiation. This post process gave quite smoothly finished surface to the target model. Moreover, this method effectively used conventional CAM software for tool path generation. Therefore, their system seemed so useful because it could be applied to general use. Choi et al. (5) proposed a 3D fabrication method with effective use of the optical mask. Laser passed through some size of circular masks and removal depth depends on the mask size. Thus the mask pattern could be designed from the data of 3D models like a kind of tool paths in milling process. Desbiens and Masson (6) researched characteristics of ArF excimer laser fabrication in detail and tried to apply it to 3D micro fabrication for some materials such as silicon. Their method was based on concept of laser milling which effectively used remarkable characteristic of laser, it can remove all of exposed area. Considering the above researches, a new 3D fabrication technique was developed by using excimer laser in this work. This research attempted to use processing characteristics of KrF excimer laser to polymeric material (PMMA), i.e., machining depth is proportional to number of laser shot. In brief, when laser scans on the surface of target, machining depth can be controlled by feed rate of scanning. To confirm availability of this concept, laser machining system was developed and basic experiments were carried out.
Basic property of the laser machining system

Laser machining system
In this study, direct condensation system was adopted to make the optical system simple. KrF excimer laser (Lambda Physik, LPX150) was used. The laser beam was irradiated in arbitrary frequency and energy density (fluence). Wavelength is 248 0.003nm, pulse width is about 20ns and frequency of oscillation can be selected from 1 to 50Hz. Layout of the optical system is illustrated in Fig.1 . At first, the laser beam passes though the aperture to change its sectional shape from rectangle to circular with arbitrary radius, next it is condensed by the convex lens, finally it is converged on the target material supported by holder of two axes stage. All of the parts are on the rail aligned parallel to the beam axis. The stages can be driven automatically by stepping motors controlled by PC. Two axes of the stage can move synchronously to realize linear and circular interpolation. The stage is adjusted to make a plane made by two axes perpendicular to the laser beam axis. Therefore the target material can move in the plane with arbitrary speed on arbitrary path. PMMA (Polymethyl methacrylate, Mitsubishi Layon Co., LTD., Acrylite Ex) was chosen as the target material. At first, authors conducted some preliminary experiments to obtain the basic property of machining processing by the laser system. The ablation process was thought as the basic concept of the processing mechanism. Theoretical processing amount can be estimated based on the energy absorbed in the target material calculated from equation (1) , which was proposed by Lambert and Beer.
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Where, is the absorption coefficient of the material. This equation expresses the laser fluence in the material at position measured from surface. Thus if it is assumed that the materials that absorb more than some specific fluence (Threshold fluence ) is removed, depth of the removal is expressed as ln
The excimer laser used in this study is oscillated as pulse wave. Thus supposing each oscillated pulse is independent, total removal depth after pulses is expressed as Eq (3).
Actually the surface of the material is removed by each pulse and new surface appears under the original one. Therefore the surface gradually moves from original position toward inside of the material as machining progresses. As a result, the surface of material moves away from the focus point of the beam, and the total depth of the removal is not exactly proportional to the pulse number. However, in the condition of this study, the focal length is 506.3mm and total machining depth is less than 1mm, while the spot diameter of the beam in front of the lens is 7mm and the diameter on the target surface is about 3mm. Thus the laser fluence on the machined surface is not so sensitive to the deviation between machining surface and focal position, and this non-proportionality of removal rate can be thought negligibly small. 
Characteristics of the excimer laser ablation to PMMA
Laser ablation process is affected by many parameters, and many of them are depend on individual system. Therefore theoretical estimation about the amount of machining for general use is difficult. For this reason, parameters about working condition of the laser oscillator are generally decided by trial and error. However, 3D fabrication is the main purpose in this study, so it is necessary to get the characteristic of machining process in this system. Authors investigated about it by basic experiment focusing on the influence of laser fluence, pulse number, diameter of the aperture and spot on removal amount because they are thought to be the most important parameters as mentioned in previous section. In these parameters, influence of aperture diameter can be easily estimated from next equation. (4) Where is the original intensity of the beam, is the sectional area of the beam coming out from the oscillator, is the area of the aperture and is the final intensity after passing the aperture. It is assumed that the influence of diffraction at the edge of the aperture on laser intensity is negligible. While, variation of the fluence caused by condensation can be expressed as (5) Where, is the diameter of aperture, is the area of beam spot on the target surface and is the spot diameter. Next, experiment of fluence measurement was performed to check validity of the theoretical estimation mentioned above. Fluence was measured in two positions, i.e. front and back of the aperture. At each position, Fluence was obtained as an average of three measurement results. The experiments were conducted for three apertures with the diameters of 5mm, 6mm and 7mm in four laser intensities. Fig.3 is one of the results which shows the ratio of total energy before passing the aperture to that after passing the aperture. In the figure, ratio of laser area before passing the aperture to the aperture area is shown as the dash dot line. Energy ratio shows almost constant value at these oscillation intensities, although it has some flattering. Therefore in this study, authors decided to set the fluence by using equation (4) and (5) .
Pulse number is thought as the main parameter to control the machining depth. Thus, it is important to confirm the relation between pulse number and amount of processing before starting fabrication of 3D shapes. Experiments were conducted in the condition shown in Table 1 and simple hole was chosen as the target shape. Power of oscillator was tuned by means of measured value obtained by energy meter after passing the aperture. After machining test, material was removed from the stage and their surface shape was measured by optical surface profiler (Nanofocus, μ-surf). Figure 4 shows the relation between pulse number and machining depth for three energy fluences. The results follow the theoretical assumption, i.e., depth of the hole is almost proportional to the number of pulse. Additionally, as fluence becomes higher, depth of the hole becomes deeper. Thus it seems possible to estimate the amount of processing from pulse number and energy fluence.
By the way, energy fluence distribution is generally not constant in the beam spot area. This fact results in reduction of quality of machined surface and finally causes reduction of preciseness of the final shape. To avoid this problem, it is effective to cut the outside of the beam by the aperture and to use the flat distributed center area. On the other hand, if the aperture diameter is adjusted too small, large energy is wasted and the final cost of this process becomes higher. In other words, the cost and the surface quality have trade-off relation and selection of optimal diameter is important. From the view point of this fact, authors carried out some experiments to obtain the suitable diameter. Same as the previous experiments, hole was chosen as the target shape. As the overall trend of results, large diameter showed dull shape at the edge of the hole, and it became keen as the diameter became small. This fact shows that in small aperture diameter condition, outside of the
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beam was cut, and as a result, flat distributed high fluence area around the center of the beam was used to the process. 
Laser scan machining model
Based on the information obtained from preliminary experiments, authors tried to fabricate 3D shapes by controlling the stage speed. Proportionality of machining depth to pulse number was confirmed in previous section. Furthermore, the depth was also proportional to the laser fluence. Therefore, when the laser is shot in some fixed frequency, substantial pulse number can be controlled by feed rate of the laser beam on the material surface. Thus the processing depth can be also controlled by feed rate. However, in this situation, effect of laser fluence distribution and difference of the substantial pulse number in the spot area have to be taken into consideration. As mentioned before, laser fluence distribution is not constant in the spot area. Thus it is not easy to handle the pulse number at every point on the scan line, even if comparatively flat fluence area is used for machining by cutting the edge of the beam by aperture. However, In order to create arbitrary 3D shape, the algorithm to decide appropriate feed rate has to be developed. In the later part, outline of this concept will be explained.
At the starting point of discussion, it is assumed that the shape of processing by one shot depends on the fluence distribution in the beam spot. As shown in Fig.6 , when laser fluence has distribution , and center of the spot moves at some feed rate , depth of processing in a short time at observed point , can be expressed as the following equation by using Eq.(3)
where is the removal depth made by one laser shot, and is the number of laser shot. On the other hand, when frequency of oscillation is , can be obtained as following equation
where Δ is the moving distance of the beam spot center during time . Therefore, total depth of processing at observed point from the beginning of scanning to the end of it, , can be calculated by integrating the total contribution from the laser while the beam passes the point as following equation considering equation (6) and (7) (8) Thus, the machined shape made by one laser scanning is trace of the removal depth at every point on the path, and the depth can be controlled by feed rate as shown in this equation. 
Experiment of scanning path
At first, In order to confirm availability of the basic equation Eq.(8), a simple groove was chosen as test shape. To make the evaluation process simple, the experiment was conducted with constant feed rate. Fig.7(a) shows profile of the groove in feed direction calculated theoretically by using equation (8). The shape was obtained in the condition that the laser spot center moves from =0mm to =7mm with feed rate of 50μm/s, spot diameter of 2mm, =5.5mJ/mm 2 and =5Hz. On the other hand, laser fluence distribution is assumed to be quadric function.
(9)
Figure 7(b) shows the result of actual machining experiment in the same condition with Fig.7(a) . Comparing the profile with the Fig.7(a) , it is found that they are almost similar shape and show quantitatively same trend. Therefore, equation (8) can be expected to make good estimation of the final profile of line scan machining. While, subtle error can be found in the experimental profile around =1mm. Main reasons of this error may be starting movement property of the stage and unstableness of the laser output. Additionally thermal influence may also slightly contribute to this error. Figure 8 shows schematic of laser machining process by this system. Target 3D shapes are required to be STL (STereo-Lithography) file format, one of the most general formats for polygon model and it can be easily made by translating from native data of popular three-dimensional CAD software or general solid modeler in the market.
Tool path generation
Each model is machined by linear scanning paths strategy in which whole machined surface is covered with a set of linear scanning paths, and all paths are aligned in the same direction. In this strategy, feed rate is controlled to make the required shape. In order to obtain appropriate feed rate at every point on the paths to automatically machine out the target shape, an algorithm to calculate the feed rate was developed. From the results of preliminary study for constant feed rate machining (Fig.7) , it was found that the slopes appear in both ends of the path. These slopes are made not only by fluence distribution but also by start and stop motion of scanning. Thus, when this path strategy is adopted for practical fabrication, this effect has to be considered. On the other hand, the depth of machining in one path depends on the feed rate as mentioned above. However, it is difficult to calculate appropriate feed rate point by point on the feed line to give required shape. Thus, the feed rate is changed with interval of spot diameter as shown in Fig.9 as the first step. This approach makes the problem so simple although it has enough benefit in use for rough machining. On the other hand, machined shape obtained by one feed rate history can be easily calculated. For example, if the feed rate is given like the top shape in Fig.9 , the machined surface is estimated as the bottom shape. Conversely, when the required shape is given, the feed rate required to obtain the depth at the center of each section is easily calculated from the result of previous section, and the approximate line for the whole surface shape can be machined by changing the feed rate to calculated value in order at interval of spot diameter.
By the way, in addition to the examination explained till now, step over, the interval of two adjacent paths is also important factor in the linear scanning paths strategy. The value of step over means the ratio of overlap to the spot diameter, that is to say, 0% means no overlap and 50% means that each path is made half diameter away from adjacent path. To obtain suitable step over, authors tried both theoretical and experimental examination.
Differing from the general milling process, all area in the spot is removed in the laser machining. Thus in the area where paths are superimposed, amount of machining can be considered to be also superimposed. By this concept, theoretical consideration about appropriate step over was carried out with simple addition of single groove machining result. Figure 10 shows the superposition of two measurement data of groove machining with 5%, 10% and 15% step over. If the step over is 5% un-machined part remains between two grooves (Fig.10(a) ). While, result of 15% step over shows that center part of two grooves has deep notch (Fig.10(c) ). On the contrary, 10% step over shows comparatively smooth bottom shape of the groove with width of double spot diameter and does not have so large un-machined or over-machined part. After theoretical consideration, these results were confirmed by experiment. Figure 10(d) shows the results of experiments to check the Conceptual diagram of linear scanning machining effect of step over on the machined surface quality. Similar to the theoretical approach, two grooves were made with three values of step over, 5%, 10% and 15%. It is recognized from the results that when step over is larger than 10%, the laser beam ablates extra part and smaller step over gives un-machined ridge. This is the same results with the theoretical consideration. Therefore, step over had better to be set 10% to get most smooth surface in these three condition, and authors decided to use this value for latter experiments.
Result of 3D Surface Machining
Some fabrication tests for simple 3D shapes were performed to confirm validity of the feed rate calculation algorithm.
At first, as most simple shape, single constant slope was chosen. The schematic of the shape is shown in Fig.11(a) . To make this slope, feed rate plan was calculated by the algorithm and it is shown in Fig.11(b) . The shape was actually machined using calculated feed rate with the spot diameter of 2mm, laser frequency of 5Hz and fluence of 5.5mmJ/mm 2 . As a result, the total machining time was 28 minutes. Then the shape was measured by using surface profiler. The measured profile in one section parallel to the feed direction is shown in Fig.11(a) . The target model is also drawn in the figure as outlined by dash dot line. It is found from the figure that, the machined shape is almost same with the target model except for the slopes outside of both ends. The slopes come from the same reason discussed for Fig.7 . Next, a slight complicated model was machined to check the potential of the algorithm about applicability for arbitrary 3D free-formed shapes. Figure 12 which has two slopes and those slopes cross each other at the center of the model. In a similar way to the previous model, laser machining was performed. Processing conditions were set to the same values with the previous model and it totally takes about 110 minutes. Then the machined shape was also measured, and result of the measurement was compared with the original design. Figure 12 (a) also shows the profile of the machined surface with the corresponding profile in the target model. In the figure, the machined shape is sufficiently similar to the designed one, although some small deviations exist. Finally, machining of curved surface (Fig.12(b) ) was tried with a mind to extend this algorithm to free-formed surface. The figure also shows the comparison of shape of the target model and the machined surface. Like previous two models, this figure shows good agreement between two lines as well. In these three results, the machined shapes are a little deeper than the designed models and this is caused by a little higher intensity of the laser. Thus careful tuning of the laser intensity is important for precise machining. Furthermore, from these three actual processing experiments, it can be concluded that the basic concept i.e., controlling the machining depth by controlling the feed rate of the laser alternatively, has a high possibility for applying to more complicated shapes. The proposed algorithm based on this concept made good results, and may be able to respond to flexible requirement in practical use by getting more sophisticated revision. On the other hand, small deviation in the machined shape is thought to come from instability of the laser oscillation system itself and machining condition. Therefore, it can be improved by use of high efficient laser oscillation system which has high stability of beam intensity and investigation about laser processing phenomenon.
